The long-term goal of nuclear transfer or alternative reprogramming approaches is to create patient-specific donor cells for transplantation therapy, avoiding immunorejection, a major complication in current transplantation medicine. It was recently shown that the four transcription factors Oct4, Sox2, Klf4, and c-Myc induce pluripotency in mouse fibroblasts. However, the therapeutic potential of induced pluripotent stem (iPS) cells for neural cell replacement strategies remained unexplored. Here, we show that iPS cells can be efficiently differentiated into neural precursor cells, giving rise to neuronal and glial cell types in culture. Upon transplantation into the fetal mouse brain, the cells migrate into various brain regions and differentiate into glia and neurons, including glutamatergic, GABAergic, and catecholaminergic subtypes. Electrophysiological recordings and morphological analysis demonstrated that the grafted neurons had mature neuronal activity and were functionally integrated in the host brain. Furthermore, iPS cells were induced to differentiate into dopamine neurons of midbrain character and were able to improve behavior in a rat model of Parkinson's disease upon transplantation into the adult brain. We minimized the risk of tumor formation from the grafted cells by separating contaminating pluripotent cells and committed neural cells using fluorescence-activated cell sorting. Our results demonstrate the therapeutic potential of directly reprogrammed fibroblasts for neuronal cell replacement in the animal model. embryonic stem cells ͉ epigenetic ͉ induced pluripotent stem cells ͉ reprogramming ͉ cell transplantation
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Recently, in vitro reprogramming of mouse fibroblasts into pluripotent stem cells [induced pluripotent stem (iPS) cells] was achieved through retroviral transduction of the four transcription factors Oct4, Sox2, c-Myc, and Klf4 and selection for reactivation of the ES cell marker gene Fbx15 (8) . When selected for endogenous reexpression of the key pluripotency genes Oct4 or Nanog, reprogrammed fibroblasts were indistinguishable from blastocyst-derived embryonic stem cells both in terms of their epigenetic state and their developmental potential (9) (10) (11) (12) .
The ultimate goal of somatic reprogramming is to generate functional cell types relevant for therapy such as neurons, cardiomyocytes, insulin-producing cells, or hematopoietic cells in vitro. In a recent proof of principle study, we could demonstrate a therapeutic benefit of iPS cell-derived hematopoietic cells in a humanized mouse model of sickle cell anemia (13) . Cell replacement therapy seems particularly suitable for Parkinson's disease, a common neurodegenerative disease caused by loss of midbrain dopamine neurons (14) (15) (16) . Transplantation of fetal midbrain cells has been shown to restore dopamine function in animal models and in human patients (17) (18) (19) (20) (21) (22) . More recently, also dopamine neurons derived from embryonic stem cells have been shown to function when grafted into parkinsonian rats (23) (24) (25) . To evaluate their therapeutic potential, we therefore tested whether functional neurons can be generated from reprogrammed fibroblasts in vitro. Our data show that iPS cellderived neurons synaptically integrate after transplantation into the fetal mouse brain and function after transplantation into the adult brain in a rat model of Parkinson's disease.
Results
Reprogrammed Fibroblasts Robustly Differentiate into Neural Lineages in Vitro. To test the neural differentiation potential of reprogrammed fibroblasts in vitro, we chose the Nanog-selected iPS cell lines N8, N10, and N14, the Oct4-selected iPS cell lines O9 and O18 (11) , as well as the non-drug-selected iPS cell line OG-14 (12) , and applied a multistage differentiation protocol that had been previously developed in ES cells (26) . After initial expansion on irradiated MEF feeder cells (Fig. 1a) , the iPS cells were passaged onto gelatin-coated dishes to purify from feeder cells and were transferred to nonadherent culture dishes where they readily formed spheroid embryoid bodies. Upon plating and culture in serum-free media the cells formed clusters of neuroepithelial-like cells that could be isolated and propagated in FGF2-containing media. These cells showed a typical neural precursor cell morphology (Fig. 1b) and homogeneously expressed the neural stem cell marker proteins nestin, Sox2, and Brn2 [supporting information (SI) Fig. S1 ]. Seven days after withdrawal of FGF2, the cells had robustly differentiated into ␤-III-tubulin-positive neurons, glial fibrillary acidic protein (GFAP)-positive astrocytes and 04-positive oligodendrocytes ( Fig. 1 c-f ).
We then tested whether iPS cells have the capacity to give rise to clinically relevant neuronal subtypes such as dopamine neurons of midbrain character. Following protocols developed for mouse ES cells, we treated FGF2 responsive, iPS cell-derived neural precursor cells with the regional patterning factors sonic hedgehog and FGF8 (23, 27) . After withdrawal of the growth and patterning factors most cells differentiated into ␤-IIItubulin-positive cells with neuronal morphology, a fraction of which could also be labeled with antibodies against tyrosine hydroxylase (TH) (Fig. 1d) . Quantification of three independent experiments revealed that the number of TH-positive neurons increased over time in culture (Fig. 1g) . These cells also expressed the vesicular monoamine transporter 2 (VMAT2) that is responsible for catecholamine transport into synaptic vesicles (Fig. 1j) . To assess their regional specification we double-labeled TH-positive neurons with antibodies against En1, Pitx3, and Nurr1, all markers typically expressed in dopamine neurons of the midbrain. Importantly, the vast majority of TH-positive cells stained for these three midbrain markers suggesting their proper regional specification in vitro ( Fig. 1 i, k, and l) . We derived neural precursor cells from iPS cells that had been infected with a GFP-expressing lentivirus (28) . To explore their migratory capacity, 100,000-300,000 FGF2 responsive neural precursor cells derived from the GFP-positive iPS cell subclones N8.2, N14.2 and O9.2 were transplanted in utero into the lateral brain ventricles of embryonic day (E) 13.5-E14.5 mouse embryos. Transplanted mice were spontaneously delivered and analyzed one to nine weeks after surgery. As shown in The highest densities of transplanted cells were found in septum, striatum, hypothalamus and midbrain. Smaller numbers were detected in olfactory bulb, cortex and thalamus and no cells were found in cerebellum and brainstem ( Fig. 2 a-c and g and Table  1 ). Incorporated cells displayed various complex neuronal and glial morphologies ( Fig. 2 c-f ) expressing the neuronal marker proteins NeuN and ␤-III-tubulin or the glial marker GFAP (Fig.  3 a-c) . The engrafted neurons gave rise to various neuronal subtypes including glutamate transporter EAAC1-positive glutamatergic neurons, Glutamic acid decarboxylase 67 (GAD67)-positive GABAergic neurons and TH-positive catecholaminergic neurons ( Fig. 3 d-f ).
Transplanted iPS Cell-Derived Neurons Are Functionally Integrated in
the Host Brain. First, we sought morphological evidence of neuronal maturity and synaptic integration of transplanted iPS cell-derived neurons. Immunof luorescent labeling for GFP provided a crisp outline of the incorporated cells, clearly delineating their shapes and fine neuronal processes ( Fig. 2 e and f and Fig. 4 a and b) . Confocal analysis demonstrated the presence of small synaptic spines on the surface of dendritic processes and numerous synaptophysin-positive, GFPnegative patches were found in close apposition to the somatic and dendritic membranes of transplanted cells, suggesting that host-derived presynaptic terminals contacted iPS cell-derived neurons (Fig. 4c) .
Electrophysiological recordings from brain slices prepared from transplanted animals were used to examine functional neuronal properties in the engrafted cells. GFP-positive cells with long dendrite-like processes were identified as neurons by focusing through the depth of the tissue (Fig. 4d ). All cells recorded from two animals were in the central region of the inferior colliculus. To properly place the electrode, the microscope was switched to infrared differential interference contrast in the plane of the cell body (Fig. 4e) . Cell-attached voltageclamp recordings were made in three GFP-positive cells. All three cells showed spontaneous action potential currents (Fig. 4e Inset). Synaptic inputs were examined in an additional six cells held in voltage clamp at Ϫ70 mV. All cells showed spontaneous postsynaptic currents ranging in amplitude and kinetics and therefore indicative of inputs from different ionotropic transmitter receptor types. At Ϫ70 mV, with our recording solutions, inward currents will reflect both inhibitory and excitatory synaptic activity (Fig. 4f ) . To test the active membrane characteristics of the labeled cells recordings were switched to current clamp mode. Resting membrane potentials of these cells ranged from Ϫ53 to Ϫ63 mV (Ϫ60 Ϯ 2.4 mV). For current injection experiments the resting membrane potential was shifted to the more polarized potential of Ϫ68 mV. Starting from this potential, depolarizing current injections induced action potentials ranging in amplitude from 70 to 82 mV (78.8 Ϯ 2.9 mV). Thresholds for action potential initiation were in the range of Ϫ40 mV (Fig. 4g) .
Functional Recovery of Parkinsonian Rats After Transplantation of iPS
Cell-Derived Midbrain Dopamine Neurons. One of the prime candidate diseases for cell replacement therapy is Parkinson's disease because of the rather localized degeneration of a specific cell type (16, 29-32 ). We therefore asked whether injected iPS cells were able to restore function after loss of endogenous midbrain dopaminergic neurons in the adult brain. In rats, administration of 6-hydroxy dopamine (6-OH-DA) into the striatum specifically kills dopamine neurons, providing a useful model of Parkinson's disease.
Reprogrammed fibroblasts (iPS cell clone O9) were differentiated into dopamine neurons as described above and animals lesioned with 6-OH-DA either received a sham operation or a striatal graft of 1-3 ϫ 10 5 differentiated cells 5 days after the cells were withdrawn from the growth and patterning factors (stage 5, day 5). Four weeks after surgery, animals were used for morphological analysis with TH immunostaining. Sham-grafted animals showed no TH-positive elements in the ipsilateral substantia nigra or the dorsal striatum. In contrast, in the striatum of rats grafted with differentiated iPS cells, a large number of TH-positive cells were found (Fig. 5a ). These cells showed complex morphologies (Fig. 5b) and were also positive for En1, VMAT2, and dopamine transporter (DAT) (Fig. 5 e-g ). The somata of TH-positive cells remained in close vicinity of the graft but TH-immunoreactive fibers were found to extend into the parenchyma of the host striatum ( Fig. 5b ; dashed line delineates the border zone of the graft).
We next examined the behavior of sham-operated rats and rats grafted with dopamine neurons derived from iPS cells. Amphetamine stimulation to animals lesioned unilaterally with 6-OH-DA induces a movement bias ipsilateral to the injection site. Whereas the control group showed a stable rotational bias over time, four of five transplanted animals showed a marked recovery of the rotation behavior 4 weeks after transplantation (Fig. 5b and Fig. S2 ). All four responding animals contained large numbers of TH-positive neurons in contrast to the one nonresponding animal. Cell counts in serial sections from one representative responding animal revealed that this graft contained an estimated total number of Ϸ29,000 TH-positive neurons whereas only Ϸ1,500 TH-positive cells were estimated to have been present in the nonresponding animal. In the latter animal, despite a relatively high number of DA neurons in the large graft, they were typically located in the center of the graft, and so very few DA fibers extended to the host striatum. Consequently, only marginal innervation (Յ10%) of the dopamine-depleted striatum was achieved, which might be the reason for lack of functional recovery at this time point.
Immunohistochemical examination revealed graft areas containing Ki67-positive cells in all five animals that showed func- 
Cells were transplanted at E13.5, and brains were analyzed at the indicated postnatal day (P). The brains were serially sectioned, and cells incorporated into the brain parenchyma (located at least 50 m from clusters or the ventricular wall) were counted. Indicated are the maximum number of cells on a 50-m section from at least three sections per brain region. Ϫ, no cells; ϩ, 1-10 cells; ϩϩ, 11-50 cells; ϩϩϩ, Ͼ50 cells. OB, olfactory bulb; CTX, cortex; SPT, septum; TH, thalamus; HT, hypothalamus; MB, midbrain; CB, cerebellum; BS, brain stem; ND, not done.
tional recovery and in two of five animals from another set of transplantations indicating the continuous proliferation of transplanted cells. Upon close morphological examination, we identified histological structures of nonneural tissue suggesting the presence of teratoma formations (Fig. S3 a-f) . The contamination of undifferentiated ES cells and subsequent teratoma formation after transplantation still seems to be a major complication of ES cell-based therapies in animal transplantation models (24, (33) (34) (35) . This complication seems the most likely reason for teratoma formation also in our experiments as the viral transcripts were not reactivated in those tumors (Fig. S3j) . Indeed, when we reanalyzed our cultures at the stages used for transplantation (Ϸ3 weeks of differentiation), we did find rare and small clusters of undifferentiated Nanog-positive cells although the vast majority of these cultures contained postmitotic neurons (Fig. S3 g-i) . We therefore reasoned that elimination of undifferentiated cells from the cultures should lead to a reduction in the risk of teratoma formation after transplantation. To this end, FACS was used to deplete the cell suspension from SSEA1-positive cell fraction before transplantation (Fig. S4a) . Cultures established from sorted cells showed decreased presence of undifferentiated cell types, and a network of differentiated neurons as soon as one day after plating (Fig. S4b) . Four animals grafted with iPS cell-derived neuronal cell preparations depleted of SSEA1-positive cells recovered at degrees similar to animals receiving nonpurified cell suspensions ( Fig. 5d and Fig.  S2b) . Histologically, the grafts were consistently smaller and no tumor formation was observed up to 8 weeks after transplantation (Fig. S4c) .
Discussion
In the current study, we have shown that mouse fibroblasts reprogrammed by retroviral transduction of the four transcription factors Oct4, Sox2, Klf4, and c-Myc can differentiate into functional neurons in vitro. When injected into embryonic cerebral ventricles iPS cell-derived neural precursor cells migrated into various brain regions and differentiated into glia and neurons. Whole cell recordings in slices demonstrated that iPS cell-derived neurons are synaptically integrated into the host brain and show active action potential generating membrane properties. The widespread integration pattern suggests a wide spectrum of neuronal differentiation potential (36, 37) , but nonorthotopic expression of regional markers has been detected in ES cell-derived neurons, emphasizing the importance of neuronal subtype prespecification before transplantation (38) . In the directed differentiation of the iPS cells, the presence of several midbrain-type neurons was further explored for therapeutic potential by transplantation to an adult animal model of dopamine neuron loss, as an analogy of behavioral deficits in Parkinson's disease. The successful implantation and functional recovery in such animals is evidence for the therapeutic value of directly reprogrammed fibroblasts for cell replacement strategies in the adult brain.
The efficiency of our cell transplantation therapy was striking: eight of the nine transplanted and behaviorally tested animals contained high numbers of TH-positive cells with local innervation of the host brain and showed improvement in the behavior test. One animal showed an even higher dopamine activity of the graft compared with the endogenous activity in the contralateral side (Fig. S2) . Importantly, however, serious safety issues with this therapeutic approach need to be addressed in the future. First, alternative delivery methods of the pluripotency-inducing factors will have to developed because retroviral vectors are randomly integrating into the genome and the potential retrovirus reactivation in transplanted cells could lead to cancerous transformation of transplanted neurons. Indeed, 16 of the 36 iPS cell chimeras generated in our laboratory have died within the first 8 months of age, many of which had developed a tumor of variable location and histological appearance (M.W. and R.J., unpublished results). Similarly, Yamanaka's group reported the retroviral reactivation of c-Myc and neck tumor formation in a fraction of their F1 germ-line iPS cell mice (10) . A safer alternative for the future would be the development of DNAfree protocols to induce pluripotency such as through action of small molecules or engineered membrane permeable transcription factor proteins. In the current study, we noticed also the risk of teratoma formations due to the contamination of a small proportion of undifferentiated cells. This contamination represents another frequent complication of ES cell transplantations (24, (33) (34) (35) 39) . The retroviruses incorporated into the iPS cell genome were not reactivated in these tumors. Using stringent cell sorting for SSEA1-negative cells, we succeeded in reducing the number of contaminating undifferentiated iPS cells from the neural cell cultures. The elimination of undifferentiated cells led to a substantially reduced risk of teratoma formation after transplantation: we failed to detect teratomas in any of the transplanted rats at 8 weeks after transplantation whereas the animals exhibited a similar recovery rate in the behavior test compared with the animals receiving unsorted cell populations.
One notable potential risk of therapeutic reprogramming is that thus far unknown genetic factors causing the patient's disease could also potentially lead to degeneration of the reprogrammed and transplanted cells. But in light of the late onset of most neurodegenerative diseases in the range of multiple decades, this possible complication might not have a critical impact during the lifetime of a treated patient.
Generation of chimeric brains composed of WT and iPS cellderived neurons by intrauterine transplantation provides the interesting prospect to study disease neurons on the cellular level in vivo. For instance, skin cells from patients suffering from complex neurodegenerative disorders could be reprogrammed, differentiated into neurons and glia and introduced into the developing nervous system. The properties of these cells could then be assayed in vivo in a WT recipient brain as suggested for mouse and human ES cells previously (40, 41) . The data presented here indicate that a large range of neuronal and glial phenotypes could be studied with this approach. Also, the efficient and highly localized cell transfer will allow the targeted introduction of patient-derived neurons into defined brain regions.
In summary, our findings demonstrate that direct reprogramming is functionally equivalent to ''therapeutic cloning'' by nuclear transfer but many important complications need to be eliminated before this technique can be safely applied in human.
Methods
In Vitro Differentiation, Transplantation, Behavioral Analysis, and Immunofluorescence. iPS cells were differentiated as described for ES cells (26, 27) . The surgical procedures have been described in detail before in refs. 36, 39, and 40. 6-OH-DA-lesioned animals were placed into automated rotometer bowls, and left and right full-body turns were monitored for 90 min after a single dose of amphetamine (4 mg/kg) by a computerized activity monitor system. All animal studies were performed following National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at McLean Hospital and Harvard Medical School. Immunofluorescence analysis was performed following standard protocols. Detailed information is listed in SI Methods.
Electrophysiology. Parasagittal brain slices from grafted P20 and P22 mice were screened for GFP-positive neuron-like cells by using a fluorescence camera (CoolSNAP EZ; Photometrics, Ottobrunn, Germany), were subsequently visualized by using infrared differential interference contrast optics and recorded following standard procedures. Detailed recording parameters are listed in SI Methods.
